Bisphenol A (2,2-bis(4-hydroxyphenyl)-propane, BpA) is used as a monomer for producing polycarbonate plastics. BpA is composed of two phenol rings which have structural homology with b-estradiol and is suspected to mimic estrogenic actions. [1] [2] [3] However, its hormonal activity is less than 1/10 4 that of b-estradiol. 3, 4) It is necessary to examine other effects of BpA on biological systems. Recently, non-estrogenic effects of BpA on the central nervous system have been reported. In the early development of Xenopus laevis, BpA has been shown to induce apoptosis in central nervous tissue cells of the brain and spinal cord. 5) In mice, prenatal and neonatal exposure to BpA induces a significant increase in the levels of dopamine D 1 receptor mRNA in the brain and enhances central dopamine D 1 receptor-mediated activity. 6) Despite these intriguing results, however, the molecular mechanism by which BpA induces these phenomena remains unclear.
Recently, to define the molecular function of BpA in neuronal systems, a binding partner of BpA was isolated from the synaptosomal fraction of rat brain. 7) The isolated protein was identified as protein disulfide isomerase (PDI). PDI is a multifunctional protein; acting as the b-subunit of collagen prolyl 4-hydroxylase, 8, 9) a chaperon protein producing a disulfide bond, 10) and thyroid hormone (T3)-binding protein. 11) BpA inhibited the functions of PDI including disulfide bond formation and T3-binding in vitro. 7, 12) Thyroid hormone plays a significant role in vertebrate neuronal development. PDI is a typical thyroid hormone-inducible protein in the developing Xenopus brain although the molecular mechanism by which it functions in neural development is poorly understood. 13) Although hypoxia is associated with diseases such as cancer, it is also a physiological process involving cell differentiation during embryogenesis.
14) Hypoxia-inducible factor 1 (HIF-1) is essential for the expression of hypoxic response genes such as the erythropoietin (EPO) and vascular endothelial growth factor (VEGF) genes. 14) HIF-1 is composed of HIF-1a and Arnt. 14) Systemic disruption of the HIF-1a gene leads to embryonic death by day 11 accompanied by cardiovascular malformation and defective cephalic vascularization. 15, 16) Neural cell-specific HIF-1a-deficient mice exhibit hydrocephalus accompanied by an impairment of spatial memory. 17) Recently, we found that BpA inhibits the hypoxic response of cells. 18) EPO is a typical hypoxia-inducible protein and its induction in Hep3B cells under hypoxic conditions was completely inhibited by BpA treatment. BpA reduces the amount of HIF-1a protein by dissociating Hsp90 from HIF-1a. BpA has several biological effects other than estrogenic action.
In this study, we found a new biological effect of BpA. BpA induced abnormalities in the formation of the head region and around the eyes. BpA decreased the expression of the Pax-6 and ESR-1 genes which contribute to the development of the eyes and central nervous system. ESR-1 is a typical factor located downstream of Notch signaling.
MATERIALS AND METHODS

Eggs, Embryos, and Treatment of Embryos with
Bisphenol A Xenopus laevis females (80-100 g of body weight) were obtained from Watanabe Zoushoku (Hyogo, Japan). Xenopus eggs were obtained by injecting the females with 300 units of human chorionic gonadotropin, gestron (Denka Seiyaku, Japan), and were fertilized with testes isolated from Xenopus laevis males by surgical operation. Embryos were dejellied with 1% sodium thioglycollate and cultured in 0.1ϫMBS (Modified Birth's solution, [ 19) Bisphenol A (Wako Pure Chemical Industry, Tokyo, Japan) was dissolved in DMSO and added to the culture medium of Xenopus embryos in a final concentration of 25, 50, or 100 mM, according to the reports of Oka et al. 5) and Iwamuro et al.
20)
RT-PCR Analysis Total RNA was extracted at various stages according to the table of Xenopus laevis. 19 ) Random 9mer-primed first strand cDNA was prepared from 1 mg of total RNA using Reverse transcriptase I (Fermentas International Inc., Ontario, Canada). Polymerase chain reaction (PCR) was performed using a reaction mixture containing 10 pmol of each primer, 1.5 units of Ampli Taq (Applied Biosystems, Foster City, CA, U.S.A.), and 100 ng of cDNA according to the following protocol: 2 min at 94°C and then a number of cycles (shown in Table 1 ) of 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C, and a final extension for 5 min at 72°C. The sequences of the primers and accession numbers of the genes are listed in Table 1 . All cycle numbers are within the linear range of amplification.
RNA Synthesis, Microinjection and Whole-Mount in Situ Hybridization NICD and X-Delta-1 mRNA were made from NICD/pCS2ϩ (a gift from Dr. C. Kintner) and XDelta-1/pCS2ϩ, as described previously. 21) After the plasmids were linearized with NotI, capped mRNA was made using a mCAP RNA synthesis kit (Gibco BRL) according to the manufacturer's instructions. Microinjection was performed as described previously. 21) One blastomere of a twocell-stage embryo was injected with 2 ng/5 nl mRNA. Wholemount in situ hybridization was performed according to the improved method of Shain and Zuber. 22) The antisense probes for Pax-6 (a gift from Dr. W. A. Harris) and ESR-1 (a gift from Prof. D. L. Turner) were generated by linearizing with EcoRI or KpnI and transcribing with T7 RNA polymerase in the presence of digoxygenin-UTP (Röche Diagnostics). 23) Hybridized probes were visualized according to the Röche Diagnostics DIG protocol, with the minor alteration that 0.45 ml of NBT (75 mg/ml in dimethyl formamide) and 3.5 ml of BCIP (Röche Diagnostics) were added to 1 ml of AP buffer [100 mM Tris-HCl (pH 9.5), 100 mM NaCl, 50 mM MgSO 4 , 0.1% Tween 20, and 2.5 mM levamisole].
RESULTS
Treatment of Xenopus Embryos with Bisphenol A
Xenopus embryos were cultured in normal medium until stage 10.5. BpA was added to the medium at this stage and cultured until stage 35. Initially BpA was added at the stage when the egg was fertilized but almost all embryos died prior to neulura owing to an abnormality of the neural tube (data not shown). Oka et al. 5) reported similar results. So, embryos were treated with BpA at stage 10.5. BpA caused an abnormality in the head region including the eyes (Fig. 1) . BpA produced scoliosis and malformation of the head region including a shortened distance between the eyes. The phenotype of embryos following BpA treatment is consistent with the results of Iwamuro et al. 20) and Sone et al. 24) Oka et al. 5) reported that abnormalities of Xenopus embryos appeared on treatment with 20 mM BpA. In the present study, 25 mM BpA had a minor effect and 50 mM BpA, a major effect, on the embryonic phenotype.
Effects of BpA Treatment on the Expression of Marker Genes
To clarify the mechanism of abnormality caused by BpA, the expression of several markers of embryonic devel- opment was investigated (Fig. 2) . Total RNA was isolated from the embryos at stage 28. The pan-neural marker SOX-2 (a Sry-related transcription factor), 25) the neural stem cell marker nrp-1, 26) the mesodermal marker MyoD, 27) and the endodermal marker sox17a 28) were used. As BpA induced abnormalities in the eye and head region, we also investigated the expression of Pax-6, a key regulator of the morphogenesis of the eyes. 29) Although expression of the marker genes was not changed by treatment with BpA, that of Pax-6 was decreased by BpA in a dose-dependent manner. In this experiment, 100 mM BpA was used in addition with 50 mM BpA. The phenotype of embryos treated with 100 mM BpA was the same as that of embryos treated with 50 mM BpA although the effects on pax-6 gene expression were greater at 100 mM than 50 mM. Pax-6 is a downstream factor of the Notch signaling. 30) So, the expression of Notch gene was investigated but expression levels were not changed by BpA treatment.
Expression of Pax-6 and ESR-1 The expression of a typical Notch-dependent factor, ESR-1 31) as well as Pax-6, was investigated in the presence of BpA (Fig. 3) . ESR-1 is a gene related to the Drosophila Enhancer of split and Hes homolog, a family of basic helix-loop-helix proteins, and plays a key role in regulating neuronal differentiation in mammals.
31) The expression of Pax-6 and ESR-1 was investigated by RT-PCR and WISH. As described above, the expression of Pax-6 mRNA was decreased by BpA in a dosedependent manner. In WISH, Pax-6 was expressed in the central nervous system and eyes. The expression was lost completely following BpA treatment. Like that of Pax-6, the expression of ESR-1 was decreased by BpA dose-dependently and disappeared in the central nervous system and eyes with BpA treatment. These results suggested that BpA affected Notch signaling and the development of the head region in Xenopus embryos.
Rescue of ESR-1 Expression by a Notch Ligand ESR-1 is a typical downstream factor of Notch signaling. So, an experiment to rescue the expression of ESR-1 using a Notch ligand was performed (Fig. 4) . Delta is a Notch ligand 32) and was added to BpA-treated Xenopus embryos. However, it could not rescue the expression of ESR-1. In contrast, the intracellular domain of Notch, NICD, efficiently restored ESR-1 expression in the presence of BpA although treatment of control embryos with these mRNAs only slightly changed the ESR-1 expression. These results suggest that BpA decreased ESR-1 expression by disrupting Notch signaling.
DISCUSSION
In the current study, BpA was added to the culture medium of Xenopus embryos after the formation of the neural plate (at stage 10.5) and an abnormality in the region of the head, especially around the eyes, was observed at stage Delta or NICD mRNA (2 ng each) was injected into control embryos and embryos which were treated with 100 mM BpA. The embryos were subjected to whole mount in situ hybridization. The expression of ESR-1 in the BpA-treated embryos was also detected by RT-PCR. 28-35. Similar effects were reported by Sone et al., 24) who analyzed gene expression with a DNA microarray and found that several genes such as KNP-Ia and Cyclin G1 were overexpressed in Xenopus embryos treated with BpA. Recently, Notch signaling was found to contribute to the regulation of the eye's morphogenesis in Drosophila and Xenopus.
30) The Notch signaling pathway defined an evolutionarily conserved cell-cell interaction mechanism, which throughout development controls the ability of precursor cells to respond to developmental signals. In Notch signaling, the central cell surface components are a Delta/Serrate/LAG-2 (DSL)-type ligand and the receptor Notch, both of which are transmembrane proteins that interact via their intracellular domains. 32) Ligand-induced activation of Notch triggers the cleavage of the Notch intracellular domain (NICD) by a gamma-secretase, Presenilin. NICD translocates to the nucleus and functions as a transcriptional co-activator for a CSL-type (CBF1, Suppressor of Hairless, and LAG-1) DNA-binding protein. 31) Typical Notch target genes are bHLH genes such as Enhancer of split (ESR-1) in Drosophila and Hairy enhancer of split (HES) in mammals. 32) These genes seem to be important in primary neurogenesis. Recently, Onuma et al. 30) found that Pax-6's function is regulated by Notch signaling. Mutations in Pax-6 result in malformations of the eye known as Small eye in mice and eyeless in Xenopus. 30) In this study, the addition of BpA to the culture medium reduced Pax-6 and ESR-1 mRNA expression in Xenopus embryos. So, we investigated the effects of BpA on the Notch signaling pathway using developmental embryos of Xenopus laevis.
Previously we found that BpA promotes the degradation of HIF-1a which plays a central role in the hypoxic response of cells. 18) At normal oxygen levels (normoxia), HIF-1a is hydroxylated by prolyl 4-hydroxylase, ubiquitinated by von Hippel-Lindau protein, and degraded by the proteasome system. 14) Under hypoxia, HIF-1a avoids hydroxylation and is accumulated. Then, it dimerizes with Arnt and binds to a cognate hypoxia response element (HRE) in the promoter region of genes such as EPO and VEGF. Recently, Gustafsson et al. 33) found that hypoxia activates Notch-responsive promoters and increases the expression of genes directly downstream of Notch and also found that the Notch intercellular domain interacts with HIF-1a. In embryonic development, conditions in the brain and neural tube are hypoxic and HIF1a is specifically expressed in these areas. 34) When antisense RNA of HIF-1a was injected into Xenopus eggs at the 2-cell stage, the embryos died from abnormalities in the neural tube at the neural stage (data not shown). The Notch signal plays an important role in the formation of the primary neuronal system. Although further study is necessary, the current study suggests the interaction between the hypoxic response and Notch signaling to be important in the development of the central nervous system.
